An elevated LDL cholesterol concentration is a primary risk factor for CVD, and lowering LDL cholesterol with statins has clearly been shown to decrease this risk (1). LDL consists of particles of varying size, density, and composition, as assessed by ultracentrifugation, gradient gel electrophoresis, NMR, and ion mobility (2). In 2010, Krauss concluded that there was "as yet inconclusive evidence as to the extent to which LDL and HDL subfraction measurements improve clinical assessment of CVD risk beyond standard lipid risk markers" (2). Recently, measurements of small dense LDL [sdLDL; density (d) = 1.044-1.063 g/ml] cholesterol in the Framingham Offspring Study, the Multi-Ethnic Study of Atherosclerosis (MESA), and the Atherosclerosis Risk in Communities (ARIC) Study, by using an automated assay developed by Hirano et al. (3), have demonstrated that sdLDL cholesterol is a significantly better marker of coronary heart disease risk than LDL cholesterol Abstract Small dense LDL (sdLDL) has been reported to be more atherogenic than large buoyant LDL (lbLDL). We examined the metabolism and protein composition of sdLDL and lbLDL in six subjects with combined hyperlipidemia on placebo and rosuvastatin 40 mg/day. ApoB-100 kinetics in triglyceride-rich lipoproteins (TRLs), lbLDL (density [d] = 1.019-1.044 g/ml), and sdLDL (d = 1.044-1.063 g/ml) were determined in the fed state by using stable isotope tracers, mass spectrometry, and compartmental modeling. Compared with placebo, rosuvastatin decreased LDL cholesterol and apoB-100 levels in TRL, lbLDL, and sdLDL by significantly increasing the fractional catabolic rate of apoB-100 (TRL, +45%; lbLDL, +131%; and sdLDL, +97%), without a change in production. On placebo, 25% of TRL apoB-100 was catabolized directly, 37% was converted to lbLDL, and 38% went directly to sdLDL; rosuvastatin did not alter these distributions. During both phases, sdLDL apoB-100 was catabolized more slowly than lbLDL apoB-100 (P < 0.01). Proteomic analysis indicated that rosuvastatin decreased apoC-III and apoM content within the density range of lbLDL (P < 0.05). In our view, sdLDL is more atherogenic than lbLDL because of its longer plasma residence time, potentially resulting in more particle oxidation, modification, and reduction in size, with increased arterial wall uptake. Rosuvastatin enhances the catabolism of apoB-100 in both lbLDL and sdLDL.-Thongtang, N., M. R. Diffenderfer, of large and small dense LDL in combined hyperlipidemia: effects of rosuvastatin.
. The assay separated sdLDL from large buoyant LDL (lbLDL; d = 1.019-1.044 g/ml) by using surfactants and sphingomyelinase; measured the cholesterol content of LDL particles 15-20 nm in diameter, corresponding to the density range of 1.044-1.063 g/ml; and had a coefficient of variation of <5%. In contrast, previous methods of LDL subfractionation, such as ultracentrifugation, gradient gel electrophoresis, NMR, and ion mobility, differentiated LDL particles based on their density, size, and charge (7-10). Lack of particle standardization and reproducibility among the LDL subfractions assayed by these earlier methods has led to a wide range of variation (6-93%) among the results. The new automated homogeneous assay based on direct precipitation methods and the measurement of cholesterol has led to significantly improved measurement reliability (3) (4) (5) (6) 11) .
We have documented previously that high-intensity statin therapy with either atorvastatin 80 mg/day or rosuvastatin 40 mg/day significantly lowers not only total LDL cholesterol, but also sdLDL cholesterol by approximately 50% (12) . High-intensity statin therapy has been recommended for patients with established CVD by the recent American College of Cardiology/American Heart Association guidelines panel (13) . Both atorvastatin and rosuvastatin at maximal doses lower LDL apoB concentrations, primarily by enhancing apoB catabolism (14) (15) (16) . Our goal in this study, therefore, was to examine the metabolism of apoB-100 within lbLDL and sdLDL in subjects with combined hyperlipidemia in the nonfasting state and to compare the effects of intensive statin therapy on these processes, relative to placebo.
Proteomic analysis has found significant differences in the proteome of LDLs compared with that of apoBcontaining lipoproteins in a lower density range (17) (18) (19) . The differences suggest that LDL particles acquire some proteins directly from plasma, HDL particles, or peripheral cells, and not just from the lipolysis of triglyceride-rich lipoproteins (TRLs; d < 1.019 g/ml). It is possible that some of these proteins have LDL-specific functions that might alter the metabolism of LDL subfractions and provide an explanation for the increased atherogenicity of sdLDLs relative to lbLDLs. Therefore, an additional objective was to examine the protein composition of lbLDL and sdLDL particles in the study subjects while on placebo and maximal-dose rosuvastatin therapy. We chose to separate the two LDL fractions by ultracentrifugation at d = 1.044 g/ml so that sdLDL would be defined as it was in the Framingham Offspring Study, MESA, and ARIC (4-6).
MATERIALS AND METHODS

Subjects
Six subjects (three men and three postmenopausal women; ages 63 ± 5 years, mean ± SEM; BMI, 25.5 ± 1.5 kg/m 2 ) with combined hyperlipidemia, who were enrolled in a larger apolipoprotein metabolic study (16) , participated in this study. Plasma lipid criteria for enrollment were as follows: triglyceride (TG) levels  1.69 mmol/l, LDL cholesterol levels  3.62 mmol/l, and HDL cholesterol levels < 1.29 mmol/l. Subjects with LDL cholesterol levels  3.62 mmol/l with or without cholesterol-lowering medication, with documented T2D controlled with diet or oral antidiabetic agents, or with hypertension under stable management were eligible to participate. Subjects on a cholesterol-lowering regimen at the time of enrollment entered a 4-6 week washout period before starting the study. Exclusion criteria have been described previously in detail (16) . All subjects met the lipid inclusion criteria at the beginning of the study: total cholesterol (TC), 5.93 ± 0.33 mmol/l; LDL cholesterol, 4.14 ± 0.42 mmol/l; HDL cholesterol, 1.11 ± 0.17 mmol/l; and TGs, 2.16 ± 0.57 mmol/l. There were no significant gender-attributable differences in these parameters.
The study protocol was approved by the Human Institutional Review Board of Emory University (Atlanta, GA), the Research and Development Committee at the Atlanta Veterans Affairs Medical Center (Decatur, GA), and the Human Institutional Review Board of Tufts Medical Center and Tufts University Health Sciences (Boston, MA). Written informed consent was obtained from each study subject. No serious adverse event was reported during the study. No clinical trial registration number was assigned to the protocol because enrollment of the subjects occurred before 2005 (16) .
Study design
The larger metabolic study was a fixed-sequence, placebocontrolled, dose-titration, single-blind protocol intended to imitate the clinical management of statin therapy (16) . All subjects, independent of prior cholesterol-lowering medication, were followed for three 8 week phases: placebo, rosuvastatin 5 mg/day, and rosuvastatin 40 mg/day. There was no washout period between the phases. The subjects were instructed to take two tablets every morning, i.e., two placebo tablets during the first phase; one rosuvastatin 5 mg tablet and one placebo tablet during the second phase; and two rosuvastatin 20 mg tablets during the third phase. In this subset assessment of apoB-100 metabolism in LDL subfractions, only samples from the placebo and rosuvastatin 40 mg/day phases were analyzed.
At the end of each 8 week treatment phase, the subjects were admitted to the Clinical Research Unit of the Atlanta Clinical and Translational Science Institute for a 69 h metabolic study, under fed conditions (16) . After an overnight fast, the subjects received a bolus injection of 60 mol/kg body weight [5, 5, H] l-leucine (Cambridge Isotopes, Andover, MA) to determine the kinetics of apoB-100. Blood samples were collected into tubes containing EDTA (0.15%) at baseline (0 h, 8 AM) and at 30 min, 1, 2, 4, 6, 8, 10, 12, 14, 21, 27, 33, 45, 57 , and 69 h after the isotope was injected. During the first 48 h of the metabolic study, the subjects were given equal portions of a fat-free energy drink (240 g of Genisoy powder and 850 g strawberry sorbet, 58 g sugar per 1,000 ml) at 10 AM, 1 PM, 4 PM, 7 PM, and 10 PM, to minimize the intermittent influx of intestinal chylomicrons, which might interfere with the kinetics of TRL apoB (20, 21) . The feeding protocol began 2 h after the isotope was administered.
Isolation of lipoprotein fractions
The TRL (d < 1.019 g/ml) and total LDL (d = 1.019-1.063 g/ml) fractions were isolated from fresh plasma by sequential density ultracentrifugation. Isolated as d < 1.019 g/ml, the TRL fraction was a heterogeneous mixture of chylomicrons, VLDLs, and IDLs, even though the subjects consumed a fat-free energy drink. This fractionation was part of the original study protocol and was selected primarily to compare the metabolism of apoB-100 in lipoproteins with d < 1.019 g/ml with the metabolism of apoB-100 in total LDL (see Discussion) (16) . In the original protocol, 3-4 ml of plasma from each timepoint of the metabolic study was adjusted to d = 1.019 g/ml with potassium bromide (KBr). After ultracentrifugation, the top 0.5-0.75 ml was recovered as TRL; the middle layer (1.0-1.25 ml) was aspirated and discarded; and the bottom (d >1.019 g/ml) layer was transferred to a fresh tube, and the density of the solution was increased to d = 1.063 g/ml in order to isolate LDLs. The top 0.5-0.75 ml layer recovered as LDLs was transferred to a fresh tube, overlaid with KBr d = 1.063 g/ml, and recentrifuged to guard against potential contamination of the recovered LDLs by TRL and HDL particles. The recovered TRL and LDL aliquots were frozen at 80°C until analysis, without being dialyzed.
To separate the LDL subfractions for the present study, an aliquot of undialyzed total LDL was diluted 2:1 with Dulbecco's PBS (Gibco, Life Technologies, Grand Island, NY), thereby adjusting the solution density to d = 1.044 g/ml, and then centrifuged at 171,919.7 g for 41 h by using a Beckman 50.3 Ti rotor (Beckman, Brea, CA). The recovered top 30% of the LDL solution represented lbLDLs (d = 1.019-1.044 g/ml) and the recovered bottom portion represented sdLDLs (d = 1.044-1.063 g/ml). The isolated LDL subfractions were frozen immediately at 80°C and stored for up to 18 months until analysis.
Plasma lipid and apoB determinations
Lipid and apoB levels were measured in five plasma samples collected during the continuous feeding period (mean of 2, 4, 6, 8, and 10 h). Plasma concentrations of TC, TGs, total LDL cholesterol, sdLDL cholesterol, and HDL cholesterol were assessed by automated online assays. TRL cholesterol concentration was calculated as the difference between TC and the sum of total LDL and HDL cholesterol; and lbLDL cholesterol was calculated as the difference between total LDL cholesterol and sdLDL cholesterol.
To determine the concentration of apoB-100 in TRLs, lbLDLs, and sdLDLs, the concentration of plasma total apoB, TRL apoB, and apoB in each LDL subfraction recovered after ultracentrifugation was measured by an immunoturbidometric method using standardized reagents from Kamiya Diagnostics (Seattle, WA). The relative proportion of apoB recovered in lbLDLs and sdLDLs was multiplied by the concentration of apoB in total LDL, which was calculated by subtracting the concentration of TRL apoB from plasma total apoB. No correction was made for apoB-48, determined in our previous studies to represent <5% of the total apoB concentration in the d < 1.019 g/ml fraction when study subjects with combined hyperlipidemia were in the fed state (14) . For kinetic analysis (see below), apolipoprotein plasma concentrations were converted to pool size (PS) by using the following formula:
PS mg apolipoprotein concentration(mg 1) plasma volume(l) .
Plasma volume was estimated as 4.5% of body weight (in kg).
ApoB-100 separation, isotopic enrichment, and kinetic analysis
The protocols for the separation of apoB-100, the determination of isotopic enrichment, and the kinetic analysis were performed as previously described (14) . Plasma-free amino acids were isolated from the TCA extract of whole plasma by cation exchange chromatography, using AG50W-X8 100-200 mesh, H 22) . The isotopic enrichment of the tracer used in this study was 99.94%, as analyzed by GC/MS.
The kinetic parameters of apoB-100 were assessed by using a compartment model and the SAAM II program (The Epsilon Group, Charlottesville, VA). As presented in Fig. 1 , the model consisted of a four-compartment leucine subsystem (compartments 1-4), which describes the plasma kinetics of the D 3 -leucine tracer. Tracer was injected via the plasma compartment, compartment 2; samples were also collected from plasma for the measurement of leucine enrichment. Initially, the subsystem was fit to the plasma leucine enrichment data to estimate the fractional rate constants between compartments 1-4 together with the irreversible loss rate constant from compartment 2 (see supplemental Table S1 for model parameters). These rate constants were fixed, while the apoB section of the model was fit to the TRL, lbLDL, and sdLDL apoB enrichment data. A fraction of leucine from compartment 2 entered an intrahepatic pool, compartment 5, which accounted for the time required for the synthesis, assembly, and secretion of apoB-100 into plasma. A second delay compartment (compartment 10) represented the remodeling of apoBcontaining particles that occurs in the hepatic extravascular space. Compartment 10 was required in order to fit the lbLDL and sdLDL apoB-100 enrichment data. The presence of a delay between TRL and LDL apoB-100 has been reported previously, with studies suggesting that TRLs may leave the plasma and reappear later in LDLs (23, 24) . The model provides for the direct secretion of apoB into the TRL, lbLDL, and sdLDL fractions, as well as the extrahepatic delipidation of TRL to LDL. Four intravascular compartments (compartments 6-9) described the kinetics of apoB-100 in the TRL plasma fraction and allowed for a delipidation cascade (compartments 6-8) and a slowly turning over TRL pool (compartment 9) (25) . ApoB in compartment 9 could potentially be converted to LDL, although we could not resolve this pathway with any degree of precision during model fitting. TRL apoB-100 can be converted to lbLDL or sdLDL or removed directly from plasma. The metabolism of the LDL subfractions is described by two distinct compartments. The compartment representing lbLDL was derived from direct secretion from the hepatocytes and the conversion of TRL to lbLDL (compartment 11) and allows for the extravascular remodeling of these particles (compartment 12). The compartment representing sdLDL (compartment 13) was derived from three sources: the conversion of lbLDL to sdLDL, the conversion of TRL to sdLDL, and de novo hepatic synthesis. ApoB in compartment 13 could potentially exchange with an extravascular compartment; however, this could not be resolved during model fitting, in part because of the relatively short duration of the kinetic study. Because an extravascular compartment was not included in the final model, the fractional catabolic rate (FCR) estimated by using this model might be an overestimate of the true FCR of sdLDL particles.
The FCRs of TRL apoB-100, lbLDL apoB-100, and sdLDL apoB-100 were derived from the model parameters giving the best fit. Production rate (PR) was computed by using the following formula: 
LDL subfraction proteomic analysis
Proteomic analysis of lbLDL and sdLDL particles was assessed by in-solution tryptic digestion and LC/MS using an Agilent 6550 quadrupole TOF mass spectrometer with a Chip Nano source (Agilent Technologies, Santa Clara, CA). Briefly, apoB-depleted aliquots of lbLDLs and sdLDLs were reduced in 20 mM Tris[2carboxyethyl]phosphine for 5 min at 95°C, alkylated in 10 mM iodoacetamide for 20 min at room temperature, and then incubated in a 6.6 ng/l solution of sequencing-grade trypsin (Promega, Madison, WI) at 37°C for 5 h. The digested peptides were desalted with a C18 ZipTip pipette tip and eluted with 1% formic acid before analysis.
The tryptic peptides were separated chromatographically by using a Polaris HR chip (Agilent Technologies) consisting of a 360 nl enrichment column and a 0.075 × 150 mm analytical column, each packed with Polaris C18-A stationary phase with 2 µm particle size. The mobile phase was 5% acetonitrile and 0.1% formic acid (buffer A) (Honeywell/Burdick and Jackson, Muskegon, MI) and 95% acetonitrile and 0.1% formic acid (buffer B) (Honeywell/Burdick and Jackson). For optimal data acquisition, equal amounts of the peptides from each sample were injected onto the column. Peptides were eluted at a flow rate of 0.4 µl/min with sequential linear gradients of 2%→5% buffer B over 0.5 min, 5%→30% buffer B over 9.5 min, and 30%→5% buffer B over 3 min, followed by 5.1 min with 90% buffer B and 12.9 min of equilibration with 2% buffer B. Data-dependent MS/MS peptide spectra were collected, four mass spectrometry scans/s, with up to six MS/MS spectra from each scan.
To establish protein identification, the MS/MS data were analyzed with Spectrum Mill (Agilent Technologies, Rev B.04.00.127) and searched against the human sequences in the Uniprot/Swissprot database (downloaded 05/2013). Peptideto-spectrum matching criteria included a precursor ion mass tolerance 15 ppm and a MS/MS fragment mass deviation 30 ppm. Tryptic peptides having up to two missed cleavage sites, fixed carbamidomethylation of the cysteine residues, variable oxidation of the methionine residues, and variable pyroglutamic acid modification were allowed in the search. The database was then restricted to the proteins observed in the first Spectrum Mill search, and a second search of the fragmentation data was performed allowing for nonspecific cleavage of the proteins. Peptides were identified with a false discovery rate 1%. The relative abundance of each protein was inferred from the summed peptide ion current.
Proteomic analysis could not be achieved in one subject due to technical difficulties; therefore, the data represent the analysis of five subjects.
Statistical analysis
The SAS System for Windows (release 9.2; SAS Institute, Cary, NC) was used for statistical analysis. A logarithmic transformation was applied to the data not normally distributed before formal analysis. Significant differences in the means between placebo and treatment phases and between lbLDL and sdLDL kinetic parameters were assessed by paired t-test analysis. The percent change relative to placebo was calculated on an individual basis and summarized descriptively. All data in the text, tables, and figures are presented in the original scale of measurement as means ± SEM. P < 0.05 was considered significant.
RESULTS
As reported previously, inhibition of HMG-CoA reductase with rosuvastatin 40 mg/day markedly lowered nonfasting plasma concentrations of TC (37%, P < 0.0001), TGs (32%, P = 0.06), LDL cholesterol (52%, P < 0.001), and total apoB (42%, P < 0.0001), as compared with placebo (Table 1) (16) . Rosuvastatin also significantly (P < 0.01) reduced the concentrations of apoB and cholesterol within lbLDLs (apoB, 39%; cholesterol, 48%) and sdLDLs (apoB, 42%; cholesterol, 54%) ( Fig. 2) . In both the placebo and the rosuvastatin phases, the absolute concentration of apoB in sdLDLs was at least 2.5 times greater than the concentration of apoB in lbLDLs. The converse was true for absolute cholesterol concentrations, with twice as much cholesterol being present in lbLDLs than in sdLDLs. Relative to placebo, rosuvastatin decreased the cholesterol content per particle from 940 ± Fig. 1 . Compartment model for the metabolism of leucine and apoB-100 in TRL, lbLDL, and sdLDL. Compartments 1-4 represent the kinetics of plasma leucine after the injection of D 3 -leucine, which is injected into plasma, compartment 2. Plasma leucine exchanges between extravascular compartments (compartments 1, 3, and 4). A fraction of the leucine pool is directed to an intrahepatic delay compartment, compartment 5, which accounts for the time required for the synthesis, assembly, and secretion of apoB-100 into plasma. A second delay compartment (compartment 10) represents the lipolytic remodeling of apoB-containing particles that occurs in the hepatic extravascular space. Compartments 6-9 describe the kinetics of TRL apoB-100 in plasma and allow for a delipidation cascade (compartments 6-8) and a slowly turning over TRL pool (compartment 9). Compartment 11 representing lbLDL apoB-100 is derived from direct secretion of apoB-100 from the hepatocytes and the conversion of TRL particles to lbLDL particles and allows for the extravascular remodeling of these particles (compartment 12). Compartment 13, representing sdLDL, is derived from three sources: the conversion of lbLDL to sdLDL, the conversion of TRL to sdLDL, and de novo hepatic synthesis. The rectangle with thin dotted lines indicates the leucine model, consisting of vascular and extravascular compartments; the rectangles with thick dashed lines denote the plasma compartments of TRL, lbLDL, and sdLDL apoB-100.
128 mol to 719 ± 66 mol (19%, P = 0.06) in sdLDLs and from 5,536 ± 518 mol to 4,552 ± 405 mol (14%, P = 0.18) in lbLDLs (supplemental Table S2 ); however, the cholesterol:apoB molar ratio in sdLDLs, relative to lbLDLs, did not change significantly (P = 0.55). The concentration of sdLDL cholesterol was, on average, approximately 32% of total LDL cholesterol during both phases. Figure 3 illustrates the isotopic enrichment of apoB-100 in lbLDLs and sdLDLs over the course of the metabolic study (0-69 h). The appearance of deuterated leucine in sdLDL apoB-100 occurred at a slower rate compared with lbLDL apoB-100. In addition, the maximum isotopic enrichment in sdLDL apoB-100 was markedly lower than that in lbLDL apoB-100 in both the placebo (Fig. 3A ) and the rosuvastatin (Fig. 3B) phases. The enrichment of sdLDL apoB-100 at its maximum was approximately equal to that of lbLDL, indicating that apoB-100 in lbLDL was a partial precursor of sdLDL apoB-100. The crossover of the two enrichment curves occurred earlier in the rosuvastatin phase compared with the placebo phase (placebo: 35-40 h; rosuvastatin: 20 h), in part a consequence of the relatively smaller apoB-100 mass associated with the extravascular compartment (compartment 12 in Fig. 1 ) and the more rapid turnover of the lbLDL and sdLDL particles relative to the placebo phase. The compartment model giving the best fit to the data (Fig. 1 ) supported this precursor-product relationship between the two LDL subfractions. In addition, a clear precursor-product relationship between TRL apoB-100 and lbLDL apoB-100 and between TRL apoB-100 and sdLDL apoB-100 was observed during both phases (supplemental Fig. S1 ).
As shown in Table 2 , the rosuvastatin-induced decrease in apoB-100 PS in all fractions was attributable to significant (P  0.01) increases in the catabolism of apoB-100. Relative to placebo, rosuvastatin increased the FCR of apoB-100 in TRL, lbLDL, and sdLDL by 45 ± 16%, 131 ± 66%, and 97 ± 32%, respectively, with no significant effects on apoB-100 PR. During both the placebo and rosuvastatin phases, sdLDL apoB-100 was catabolized at a slower fractional rate (placebo, 0.36 ± 0.06 pools/day; rosuvastatin, 0.69 ± 0.14 pools/day) than lbLDL apoB-100 (placebo, 0.63 ± 0.10 pools/day; rosuvastatin, 1.23 ± 0.24 pools/day; both P  0.01). The sdLDL apoB-100 PR was higher than the lbLDL apoB-100 PR (placebo, 10.39 ± 1.29 vs. 6.31 ± 0.64 mg/kg•day 1 , P  0.01; rosuvastatin, 11.03 ± 1.21 vs. 7.35 ± 0.95 mg/kg•day 1 , P  0.001). During the placebo phase, 25% of TRL apoB-100 was cleared directly from the circulation, presumably by the liver; 37% was converted from TRL to lbLDL; 38% went directly from TRL to sdLDL apoB; and all lbLDL apoB-100 was converted to sdLDL. Statin therapy did not alter these distributions significantly.
Direct production of apoB-100 into the LDL subfractions was also not altered significantly by rosuvastatin therapy ( Table 2 ). During the placebo phase, most of the lbLDL apoB-100 was derived from TRL apoB-100 (73.6%), with the remainder (26.4%) being secreted de novo by the liver. Most of the sdLDL apoB-100 (61.4%) was derived from lbLDL apoB-100, with 35.9% from TRL apoB-100 and 2.7% from de novo hepatic synthesis. Similarly, during the rosuvastatin phase, 71.2% of the lbLDL apoB-100 was derived from TRL apoB-100 and 28.8% via de novo hepatic production. Most of the sdLDL apoB-100 was derived via lipolysis of larger apoB-100-containing particles (66.2% from TRL apoB-100; 30.4% from lbLDL apoB-100), and only 3.3% was produced de novo.
Proteomic analysis of the lbLDL and sdLDL subfractions indicated the presence of the following apolipoproteins, in addition to apoB, in the density range of both subfractions: apoA-I, apoA-II, apoA-IV, apoC-I, apoC-II, apoC-III, apoC-IV, apoD, apoE, apoF, and apoM ( Table 3 ). The total protein Data are presented as mean ± SEM, n = 6. To convert total, LDL, HDL, and TRL cholesterol in mmol/l to mg/dl, multiply by 38.67; TGs in mmol/l to mg/dl, multiply by 88.57. The percent change relative to placebo is the mean of the percent change calculated on an individual basis. Significance for comparison of absolute values with placebo phase was determined by using a paired t-test, with TGs being log-transformed before statistical analysis. spectral intensity, log base 2, of each apolipoprotein, as calculated by Agilent Spectrum Mill, was greater in sdLDLs than in lbLDLs, with the exception of apoC-II and apoE, during the placebo phase. Significant differences (P < 0.05) between the two subfractions were noted for apoA-I and apoA-IV during the placebo phase and for apoA-IV, apoC-III, and apoM during rosuvastatin treatment. ApoA-IV was not associated with lbLDLs in either the placebo or the rosuvastatin phase. Rosuvastatin lowered the abundances of all detected apolipoproteins in lbLDLs except apoA-I, with notable decreases occurring in apoC-III (6.9 ± 2.3%, P = 0.04), apoM (80.2 ± 19.8%, P = 0.02), apoA-II (58.1 ± 25.7%, P = 0.08), and apoD (1.3 ± 0.5%, P = 0.07). In sdLDLs, only the abundance of apoA-IV was reduced significantly (3.1 ± 1.0%, P = 0.04). Other proteins found to be present in sdLDLs in some subjects were carbamoylphosphate synthase, clusterin (apoJ), complement C3, hemoglobin subunits  and delta, histone H4, IgG kappa chain C region, serum amyloid A, and serum amyloid A4. The proteome of lbLDL particles included histone H3 and serum amyloid A4. Because the proteomic analysis was performed on apoB-depleted aliquots of the ultracentrifugally isolated LDL subfractions, to enhance the detection of lowabundance proteins, differences in the posttranslational modification of apoB-100 in sdLDLs and lbLDLs, like oxidation or carbamidomethylation, could not be detected.
DISCUSSION
Epidemiological studies including the Framingham Offspring Study, MESA, and ARIC have demonstrated that sdLDL cholesterol is a significantly better predictor of CVD than total LDL cholesterol (4) (5) (6) . The assay used in these studies measured the cholesterol content of LDL particles in the density range of 1.044-1.063 g/ml (3). We defined sdLDL in an identical fashion and measured the metabolism of apoB-100 and the protein composition of this LDL subfraction relative to lbLDL in the density range of 1.019-1.044 g/ml. We found that sdLDL apoB-100 had a significantly longer plasma residence time (3.10 days) than lbLDL apoB-100 (1.95 days) in subjects with combined hyperlipidemia and that rosuvastatin significantly decreased these residence times by more than 40%, without altering production.
Previous studies have examined the metabolism of apoB in large and small LDLs by using stable isotopes (see supplemental Table S3 ) (26) (27) (28) therapy (20 mg/day). They observed a mean apoB plasma residence time on placebo and statin of 5.11 and 2.82 days for dense LDLs (d = 1.035-1.063 g/ml) and 1.31 and 0.80 days for light LDLs (d = 1.019-1.035 g/ml), respectively (27) . Zheng et al. (28) fractionated LDLs into light (d = 1.025-1.032 g/ml), medium (d = 1.032-1.038 g/ml), and dense (d = 1.038-1.050 g/ml) subclasses and examined apoB metabolism in 12 normolipidemic and 9 hypertriglyceridemic subjects in the fed state. In their study, plasma was separated by immunoaffinity chromatography, before ultracentrifugation, into four fractions based on apoC-III and apoE content. In all three LDL density ranges, the major LDL particle, making up >90% of total LDL, contained neither apoC-III nor apoE, and the observed apoB residence times in normal subjects were approximately 0.3 days in light LDLs, 0.67 days in medium LDLs, and 0.85 days in dense LDLs. Notably, this study omitted the densest LDL fraction (d = 1.050-1.063 g/ml). Discrepancies among the reported plasma residence times, in our opinion, relate to the selection of study subjects; the study design, including modeling of tracer data; and the feeding status of the subjects during the metabolic study. Hyperlipidemic subjects often have delayed LDL apoB-100 catabolism (see supplemental Table  S3 ). We have documented also that feeding results in more direct TRL apoB-100 catabolism and less conversion of TRL apoB-100 to LDL apoB-100, as well as delayed LDL apoB-100 catabolism, compared with the fasting state (29) . Despite the differences, our findings are consistent with these previous studies and support the concept that apoB in sdLDLs is catabolized more slowly than apoB in lbLDLs.
Our data indicate that approximately 80% of lbLDL apoB-100 is derived from TRL apoB-100, with the remainder RT, plasma residence time. Data are presented as mean ± SEM, n = 6. The percent change relative to placebo is the mean of the percent change calculated on an individual basis. Significance for comparison of absolute values with placebo phase and for comparison of sdLDL with lbLDL was determined by using a paired t-test. a P  0.01, for comparison with placebo phase. being produced directly. They also show that approximately 60% of sdLDL apoB-100 is derived from lbLDL apoB-100, with most of the remainder coming directly from TRL apoB-100. There does appear to be a small percentage of sdLDL apoB-100 derived from direct liver production. These percentages are not greatly altered with rosuvastatin therapy for either lbLDL apoB-100 or sdLDL apoB-100. In this study, we did not subfractionate the TRL fraction, and, therefore, we were unable to ascertain which portion of the TRL fraction may have been the precursor of, or contributed more to, the sdLDL fraction, compared with the lbLDL fraction or how rosuvastatin may have modified the delipidation cascade more specifically. Aguilar-Salinas et al. (27) concluded that "a clear precursor-product relationship" was observed between the VLDL, IDL, light LDL and dense LDL fractions. In contrast, Zheng et al. (28) found that 83% of sdLDL apoB-100 was derived directly from IDLs, with only 8% being derived from lbLDLs. Packard and colleagues (30-32) did not examine the metabolism of LDL subfractions directly; however, they did propose that, in subjects with moderate hypertriglyceridemia, there is likely to be increased conversion of large VLDL apoB-100 directly to sdLDL. It should be noted that the separation of LDL subfractions probably results in the isolation of heterogeneous populations of particles that have different metabolic and, hence, kinetic properties.
It was important to examine differences in the proteome of lbLDLs and sdLDLs on both placebo and rosuvastatin, which potentially might explain the difference in the catabolic rate of apoB in lbLDLs and sdLDLs. Earlier studies of LDL composition have reported that apolipoproteins A-I, A-II, C-I, C-II, C-III, C-IV, D, E, and F, in addition to apoB, as well as clusterin, complement C3, C4a, and C4b, and paraoxonase 1 are associated with LDL particles (11, (17) (18) (19) . Davidsson et al. (33) examined the protein content of LDL subfractions of d = 1.030-1.040 and 1.040-1.063 g/ml and observed a higher apoC-III content and a lower content of apoA-I, apoC-I, and apoE in sdLDLs versus lbLDLs. Moreover, in subjects with metabolic syndrome and diabetes, there were not only excess sdLDLs, but also greater apoC-III enrichment of sdLDLs than in normal subjects (33) .
We also found that the proteomes of the lbLDL and sdLDL subfractions separated by ultracentrifugation were different. Apolipoproteins A-I, A-II, C-I, C-II, C-III, C-IV, D, E, F, and M were associated with both lbLDL and sdLDL density fractions, whereas apoA-IV was associated only with the sdLDL density fraction. On placebo, the sdLDL subfraction had significantly higher apoA-I content than did the lbLDL subfraction. Rosuvastatin treatment resulted in significant decreases in the apoA-IV content of sdLDLs and in the apoC-III and apoM content of lbLDLs as compared with placebo. The effects on apoM were very striking. Data derived from proteomic analyses based on lipoprotein particles isolated by ultracentrifugation should be viewed with caution. Weakly associated proteins are well known to redistribute from one lipoprotein fraction to another during ultracentrifugation, due to high shear forces and the ionic strength of preparative solutions. Although the procedure used to isolate the total LDL fraction in the larger metabolic study included reultracentrifugation in order to guard against potential contamination by TRL and HDL particles (see Materials and Methods), a more specific isolation procedure, namely, immunoprecipitation with a monoclonal antibody against human apoB, with or without ultracentrifugation, would have had the advantage of determining whether the LDL subfractions do indeed contain protein components that are normally thought to be associated with HDLs, such as apoA-I.
Further studies are required to understand fully the function of many of the identified apolipoproteins in humans. It is known, however, that apoC-III inhibits lipoprotein lipase activity and the hepatic uptake of TRL; therefore, its presence may prolong the residence time of apoB-100-containing lipoproteins (34, 35) . The reduction in apoC-III associated with lbLDL during the rosuvastatin phase may, as a result, contribute to the significant increase in apoB clearance. Alternatively, and in our opinion more likely, the enhanced LDL apoB-100 clearance induced by statins relates to the inhibition of cellular cholesterol synthesis and up-regulation of LDL receptor activity. In previous studies, we documented significant differences in lipid composition between sdLDLs and lbLDLs, indicating Data are presented as the total protein spectral intensity, log base 2, of the individual proteins, as calculated by Agilent Spectrum Mill (Agilent Technologies), mean ± SEM, n = 5. Significance for comparison of sdLDL with lbLDL was determined by using a paired t-test.
that major apoB-100 conformational changes on the surface of sdLDLs, as compared with lbLDLs, were required to accommodate the smaller amount of lipid (35) . At that time, we speculated that these changes would likely affect the binding of sdLDL to its receptor and its plasma residence time (36), a concept supported by competitive binding assays in human skin fibroblasts with LDL particles of different size (37) . Our current data also support this hypothesis.
It is possible that the increased atherogenicity of sdLDLs is not only due to lipolysis and the subsequent alteration in particle size. Other factors may, at least in part, be responsible, such as the binding of apoB-containing lipoproteins to proteoglycans in the extracellular matrix of the arterial wall, which, in turn, would increase the time the particle spends trapped in the subendothelial space of the artery wall and stimulate uptake by macrophages. Anber et al. (38, 39) have demonstrated, using LDL isolated from dyslipidemic subjects with a lipid profile comparable to our study subjects, that the formation of arterial wall proteoglycan/LDL complexes was positively associated with the percentage of sdLDLs (d = 1.044-1.063 g/ml) in total LDL and plasma TG levels and negatively associated with the percentage of lbLDLs (d = 1.019-1.033 g/ml) and plasma HDL cholesterol levels. Furthermore, proteoglycan/LDL complex formation was significantly higher in the subjects with elevated sdLDL levels. In the present study, the proteomic analysis was performed by using apoB-depleted aliquots of the isolated LDL subfractions, and the differences in the posttranslational modifications of apoB-100 in sdLDLs, compared with apoB-100 in lbLDLs, which may have characterized the conformational changes and pointed to the primary reason(s) that sdLDL is particularly atherogenic, were not analyzed. Regardless of the precise mechanism, a prolonged plasma residence time would extend the period of exposure that the arterial wall has to the particle and, thus, would enhance the atherogenic potential of sdLDL.
A novel aspect of the present study was that the kinetics of LDL apoB-100 was examined in LDL density subfractions that match with those used in epidemiological and clinical studies. Although the importance of our findings is potentially limited by the small number of study subjects and relatively short duration of each kinetic study, the dyslipidemic phenotype of the subjects, and the feeding protocol used in the study, our data do indicate 1) that a significant percentage of TRL apoB-100 (25% in this study) is catabolized directly; 2) that the remaining TRL apoB-100 is converted directly and equally to both lbLDLs and sdLDLs; and 3) that all lbLDL apoB-100 is converted to sdLDL apoB-100. These findings provide an explanation for the elevated sdLDL concentrations observed in hypertriglyceridemic subjects, potentially due to the increased direct conversion of TRL apoB-100 to sdLDL apoB-100. Packard et al. (30) (31) (32) have postulated convincingly that the key abnormality leading to the generation of sdLDL is the development of mild to moderate hypertriglyceridemia, defined as a plasma TG concentration > 1.5 mmol/l. Under these metabolic conditions, large-size VLDL 1 accumulates due to overproduction and/or delayed clearance; when lipolyzed, VLDL 1 gives rise to a population of small LDLs, which fail to bind well to the LDL receptor and, therefore, have a longer plasma residence and increased likelihood of undergoing remodeling. Through the action of cholesteryl ester transfer protein, cholesteryl ester is exchanged for TG, resulting in TG-enriched LDL, a good substrate for hepatic lipase and, in turn, sdLDL (31) .
The benefit of statins for decreasing CVD risk is underscored by the observation that rosuvastatin not only enhanced TRL and LDL apoB-100 fractional catabolism, but also significantly enhanced the fractional catabolism of apoB-100 in both lbLDL and sdLDL. We found that the concentration of apoB in sdLDLs was more than twice as high as that in lbLDLs, whereas the converse was true for the cholesterol concentrations, with twice as much cholesterol being present in lbLDLs than in sdLDLs. Treatment with rosuvastatin decreased the total number of lbLDL and sdLDL particles as measured by apoB concentrations, as well as the cholesterol content per particle. It did not, however, change the cholesterol:apoB molar ratio in sdLDLs relative to lbLDLs.
In conclusion, sdLDL apoB-100 was catabolized more slowly than lbLDL apoB-100 in subjects with combined hyperlipidemia during both the placebo and rosuvastatin (40 mg/day) treatment periods. Rosuvastatin enhanced the clearance of apoB-100 in both sdLDLs and lbLDLs, with no effect on production or on the conversion rates of TRL to LDL subfractions. There were differences in apolipoprotein composition and abundance between sdLDLs and lbLDLs, which may account for some of the differences in the atherogenicity of the LDL particles. We believe, however, that the increased plasma residence time of sdLDL apoB-100 relative to lbLDL apoB-100 is due to a change in apoB-100 conformation on the surface of sdLDLs, inhibiting receptor-mediated catabolism. Other factors, such as a preferential affinity for proteoglycans in the arterial wall, may have an effect in the atherogenicity of the different LDL particles. However, in our view, the major reason for the increased atherogenicity of sdLDL is its longer residence time in plasma, leading to an increased likelihood of lipolysis, posttranslational modification, oxidation, and enhanced uptake into the arterial wall.
